Morphological defenses against predation in zooplankton result from targeted cell division and growth and provide unique opportunities for the integrated study of ecology and cell biology. This study examined the cellular basis of the various predator-induced head shapes (neckteeth, spines, and helmets) in the cladoceran genus Daphnia. Several lines of evidence suggest that polyploid cells serve as developmental control centers to govern head shape. First, polyploid cells are present in the cephalic epidermis of Daphnia and their distribution seems to be linked to changes in head shape. For example, a strong correspondence exists between the position of polyploid cells and the presence of neckteeth. Second, variation in the number of polyploid cells seems linked to helmet size across members of the subgenus Ctenoduphniu and perhaps within Hyuloduphniu mendotue. Third, only among those species capable of producing spines or helmets were the DNA contents of epidermal polyploid cells routinely higher in the cephalic than in thoracic regions. Finally, mitotic activity in the cephalic epidermis of H. mendotue was concentrated in regions surrounding polyploid cells, suggesting that these cells serve as active developmental fields. This effect may be produced through the release of a mitogen, whose subsequent diffusion results in a chemical concentration gradient, with division rates of diploid cells varying in relationship to their position in this gradient.
For nearly a century, limnologists have been intrigued by the striking seasonal phenotypic shifts, termed cyclomorphosis, exhibited by many zooplankton species, especially cladocerans and rotifers (Hutchinson 1967; Jacobs 1987) . Although abiotic factors have been implicated in the modulation of these shifts (Jacobs 1962) , more recent studies have shown that chemicals released by predators play the dominant role in prompting these phenotypic reconfigurations (Krueger and Dodson 198 1; Hebert and Grewe 1985; Parejko and Dodson 1990) . The production of these structures affords protection from predation, whereas abiotic factors probably act as proximate cues signaling the likely presence of predators (Have1 and Dodson 1985) . Inducible defenses of this type are not limited to the freshwater zooplankton, but have also been documented in protozoans, gastropods, and plants (Harvell 1990) .
Among zooplankton, although body size shifts do occur, most inducible defenses involve increased growth in localized regions of the body, with some of the most striking morphological shifts displayed by members of the cladoceran genus Daphnia. In the three subgenera (Ctenodaphnia, Daphnia, and Hyalodaphnia) comprising this genus , phenotypic change in head shape falls into three categories. Neckteeth, the most subtle of the induced morphologies, develop along the dorsal surface of the carapace between the first and fourth antenna1 muscle insertion points (Fig. Id) . Restricted to the subgenera Daphnia and Hyalodaphnia (Krueger and Dodson 198 1; Have1 and Dodson 1984; Schwartz 1991; Spitze 1992) , juveniles, adult males, and occasionally adult females produce neck-I Present address: Department of Botany, University of British Columbia, Vancouver, British Columbia V6T 124. teeth in the presence of larval stages of the dipteran Chaoborus. The formation of spines along the anterior margin of the hea.d (Fig. lb) represents a second category of induced phenotypes. Small single apical spines are found on individuals of Daphnia ambigua exposed to Chaoborus (Hebert and Grewe 1985; Hanazato 1990) , whereas larger spines develop in Ctenodaphnia Zumholtzi, likely for protection from fish predation (Green 1967) . Finally, the most striking morphological reconfigurations involve anterio-dorsal enlargements of the head (Fig. la,c ) in response to several invertebrate taxa. Phenotypes in this category include helmets and crests present in members of all three subgenera.
Although the chemical cues triggering these responses have been investigated, the manner in which the signal reaches the targeted tissues is poorly understood, and information on the response of the targeted tissue following stimulation is meager. Jacobs (1965) described the helmet of Hyalodaphnia mendotae (=Daphnia galeata mendotae) as "a sagittal blade of flat epidermal cells separated by a thin space of hemocoel" and concluded that helmet size shifts were primarily linked to increases in cell numbers. Targeted cell division can explain both the rapid production of these structures and their maintenance during a prolonged predation threat. The rapid response to predators suggests that the "machinery" required for the production of such structures is constitutive. The mechanism responsible for controlling cell division rates has not been identified, but because helmets are not innervated, hormonal control has been proposed (Jacobs 1965) .
Tissue growth in the cephalic epidermis, through increases in mitotic activity, can explain changes in the size of the head but cannot easily account for the variation in morphology. F'or example, conspecific populations often exhibit variation in the size of the structure, although they typically produce similarly shaped helmets (Brooks 1957a) , whereas closely related species can show divergence in helmet shapes. Furthermore, neckteeth result from growth directed dorsally, whereas spines and helmets grow in an anterior direction, and anterior and dorsal expansion is involved in crest formation. Clearly, there must be a mechanism that both synchronizes elevated mitotic activity and controls the site and direction of growth through cell division.
In this study we investigated the possible role of endopolyploid cells in directing the production of these induced structures. Endopolyploidy is a widespread biological phenomenon that results in the increased nuclear DNA content of isolated somatic cells without subsequent mitotic division. Polyploid cells are common in many invertebrates, playing important physiological, developmental, or structural roles (Nag1 1978; Brodsky and Uryvaeva 1985) . In Daphnia, endopolyploid cells are present in many tissues, with the functions of some cells apparent (Beaton and Hebert 1989) . Prior work has revealed that the epidermis underlying the thoracic carapace in Daphnia is composed of thousands of actively dividing diploid cells and a few dozen polyploid cells. The role of polyploid cells in this tissue has yet to be established, but their spatial arrangement coincides with regions of active cell division (Beaton and Hebert 1994) . Hence, these cells are situated along both the ventral margins and dorsal fold of the carapace, and in Ctenodaphnia magna, cell division rates were routinely elevated at these sites. The presence of polyploid nuclei scattered within the head was first noted in a survey of endopolyploidy in Daphnia (Beaton and Hebert 1989) , and our study focused on a survey of endopolyploid patterns across the genus in relation to inducible head shapes, as well as an experimental analysis of helmet induction in H. mendotae.
Methods
The role of polyploid cells in the formation of Daphnia head morphologies was examined with two approaches. First, a broad taxonomic comparison was carried out to explore the relationship between the extent of head shape shifts and the presence of polyploid nuclei. Patterns were evaluated across 11 taxa within the subgenus Ctenodaphnia, 9 species of the subgenus Hyalodaphnia, and 15 species within the subgenus Daphnia, as well as two hybrid taxa (Table 1 , following the taxonomy of Hebert and Wilson 1994 and Hebert 1995) . Five species routinely produce strong neckteeth, whereas spines, crests, or helmets were present in 14 taxa. Second, an experimental study was undertaken with H. mendotae to examine the relationship between endopolyploid cells in the cephalic epidermis and the production of helmets.
Endopolyploidy in the head region-Animals from field collections or laboratory maintained cultures were Feulgen stained by means of a standard protocol (Beaton and Hebert 1989) in order to consider relationships between cephalic polyploid cell numbers and helmet, spine, or crest size; cell position and production of neckteeth; and ploidy levels and the production of the defensive structures. The interspecific relationship between endopolyploid cell number and spine, helmet, or crest size was considered with animals from one to seven populations for each of 11 members of Ctenodaphnia, 10 of Daphnia, and 7 of Hyalodaphnia. Previous studies of inducible defenses have used several length measures to estimate helmet or crest size. Because this approach is inadequate when multiple species with divergent head shapes are included, helmet and body areas were determined. Body size measurements and polyploid cell counts were averaged for several individuals from each population. The area of the cephalic expanse was defined as the region of the head anterior to the eye and hepatic ceca and dorsal to the antenna1 muscle insertion points (Fig. lb,c ). Areas were measured from video images of stained animals captured in lateral view using the software package JAVA (Jandel video analysis system).
The association between the position of polyploid cells and the ability to produce neckteeth was examined by enumerating polyploid cells in the epidermis between the first and fourth antenna1 muscle insertion points (M,-M,) . This region contains the tissue underlying the site of neckteeth formation (Fig. Id) . Three to 31 individuals from each of one to seven populations in nine species of the subgenus Hyalodaphnia and 16 members of the subgenus Daphnia were used in this analysis.
Ploidy levels were established for cephalic nuclei of individuals from several taxa in order to consider the association between inductive ability and ploidy levels. The relative DNA contents of Feulgen-stained nuclei were determined by scanning microdensitometry (Beaton and Hebert Hebert (1995) . 7 More detailed description of Australian sites is given in Hebert and Wilson (1994) . $ Occasional production of minimal defensive structure observed. 0 Exceptionally weak helmet production observed in this population.
1989). Because the thoracic limb exopodites contain only diploid cells, integrated absorbances (measured as optical densities) were measured for several nuclei from these structures in each individual. The mean optical density level of these nuclei provided an estimate of the diploid DNA content for that individual. The optical density levels of polyploid nuclei in the head and, when possible, the thoracic epidermis were similarly determined, and the ploidy level of the cell was calculated by dividing its optical density level by one-half of that individual's estimated diploid DNA content. Ploidy levels were then assigned to ploidy classes (e.g. 4C, 8C, 16C) by using a midpoint round-off rule.
An experimental study of helmet formation in H. mendotae-An isofemale line of H. mendotae (collected from Center Lake, Indiana) was used in a study of helmet induction. Females were raised for several generations in synthetic pond water (Hebert and Crease 1980) under conditions of 22-24°C ambient temperature, 24 h light, and with optimum algal concentrations. Previous studies have shown that individuals require cues from the larvae of the dipteran Chaoborus during specific developmental periods to produce inducible structures (Hanazato 1991) . The design of the study, therefore, ensured that predators were present from egg deposition to maturity. Small aquaria were set up, each containing 6 liters of synthetic pond water and algae (primarily Scenedesmus) at a concentration of -100,000 cells ml-'. On alternate days, sufficient algal slurry was added to each aquarium to restore the algal concentration. A control aquarium containing no Chaoborus was established to obtain animals with minimal helmets, whereas animals with enlarged helmets developed in a treatment aquarium that contained 30 unrestricted predators. The Chaoborus larvae were fed several dozen small daphniids daily.
For each treatment, neonates were individually placed into 50-ml polypropylene tubes that were fitted with a 250-pm mesh bottom and suspended in the aquaria. Upon reaching maturity, the first brood of each female was discarded to reduce size variability among offspring, and all second broods within a treatment were pooled. A subset of the neonates from each treatment was placed into the emptied tubes in their own treatment and again raised to maturity. Upon reaching maturity, animals were fixed for 1 h in 3 : 1 methanol : acetic acid and then held in 70% ethanol at 4°C in the dark until further processing.
The body length was measured (from video images of each fixed animal) as the distance from the insertion point of the tail spine to the center of the eye and helmet length as the distance from center of the eye to the tip of the anterior margin of the head (Fig. la) . After Feulgen staining, the head and the third and fourth thoracic limbs were dissected from each animal, transferred to a clean slide in 20-30 ~1 of deionized water, spread flat, and allowed to dry. The optical density levels were determined for diploid nuclei from the exopodites and for polyploid nuclei from the cephalic region. The average optical density level of the exopodite nuclei for each animal was established as an estimate of that individual's diploid DNA content. For each head nucleus, the ploidy level was determined as above.
Diploid and polyploid nuclei in the helmet of each individual were enumerated from similar images. The helmet area (Fig. lb) was partitioned into fields (as captured video images) for the purpose of enumeration. The average number of diploid and polyploid nuclei per animal for the two treatments was compared with t-tests. Pre-mitotic, mitotic, and postmitotic diploid nuclei could be readily distinguished from interphase nuclei on the basis of both nuclear condensation and size (Beaton and Hebert 1994) , allowing an examination of the pattern of mitotic activity in the cephalic region. Images of the epidermal tissues in the helmet were captured and tissue location relative to the position of the polyploid nuclei was noted. Those images within a radius of -70 pm of a polyploid nucleus were categorized as being in close proximity to a polyploid cell, whereas images >70 pm from a polyploid nucleus were termed distal to a polyploid cell. The number of interphase and mitotic nuclei were enumerated for several captured fields both in proximity and distal to polyploid nuclei from each individual. Cell densities Head sizes are not to scale. and mitotic activity in tissue surrounding polyploid nuclei were compared to those in distal areas of the cephalic epidermis.
Results
Cell numbers vs. relative size of cephalic expansion-A survey of cephalic epidermal tissues revealed substantial variation among species with regard to the number and distributional patterns of polyploid nuclei (Figs. 2, 3) . Members of Ctenodaphnia generally possessed more cells than did those of Daphnia or Hyalodaphnia, possibly owing to their larger body sizes. There was also considerable variation in the numbers of polyploid cells across the Ctenodaphnia (Fig.  4a) -females of Ctenodaphnia cephalata had 48-74 polyploid cells, whereas Ctenodaphnia nivalis had 8 or fewer cells. Less variation in the numbers of polyploid cells was observed among members of the other two subgenera, with mean counts for species never >lO cells (Fig. 4~) .
Intraspecific cell numbers were consistent for most taxa. For example, populations of Ctenodaphnia longicephala in close geographical proximity (Broken Hill-5 and -7 and Horsham-3 and -5) had similar polyploid cell counts, despite at least a twofold difference in helmet size. However, popula-. . . .* 4P . . . . . a tions of H. mendotae showed a twofold range in polyploid cell numbers in the helmet. Animals from Beech Lake, Ontario, exhibited typical (as shown in Fig. 3b ) but weak cyclomorphic phenotypes during summer (September 1991 average helmet area/total area = 0.04), and individuals possessed onl,y 2.5 polyploid cells on average. Similarly, animals from Upper Rock Lake, Ontario, which lacked summer helmets, had an average of only 2.7 polyploid cells per individual. B,y contrast, individuals from Lake Mendota showing strong cyclomorphosis (July 1990 average helmet area/ total area I= 0.14) had 5.4 polyploid cells on average.
At the interspecific level, the relationship between helmet size and polyploid cell number was considered separately for each subgenus. Felsenstein's (1985) independent contrasts were calculated with the phenotypic diversity analysis program (Garland et al. 1992) to correct for phylogenetic relatedness in examining the correlated evolution of the traits. Phylogenies were recontructed from a gene frequency analysis of Australian Ctenodaphnia (Hebert and Wilson 1994) and molecular phylogenetic studies on the subgenera Daphnia and Hyalodaphnia Taylor et al. 1996) . Unfortunately, two species were not included in the phenogram for the Ctenodaphnia (C. angulata and the North American C. similis), requiring that they be excluded from the analysis, and the two hybrid taxa (pulex/ pulicaria and cucullatalgaleata) were similarly omitted from the analysis involving the subgenera Daphnia and Hyalodaphnia, respectively. Standarizing the contrasts (thus giving each equal weight) was achieved by log,,-transforming the branch lengths of the subgenus Ctenodaphnia tree and square root-transforming mean polyploid cell counts for each species of the subgenera Daphnia and Hyalodaphnia. Across the Ctenodaphnia, polyploid cell numbers were positively correlated to helmet sizes, with a significant product-moment correlation of R = 0.80 (Fig. 4b) . This relationship was not found, however, among members of either. Daphnia or Hyalodaphnia (Fig. 4d , R = 0.35 and -0.60, respectively). Cell position vs. neckteeth production-Among 25 members of Daphnia and Hyalodaphnia, the number of polyploid cells between the antenna1 muscle attachments (M,-M,) ranged from zero to five. Multiple populations were surveyed for three species from each of these subgenera, and intraspecific variation was constrained (differences of CO.9 cells) for five of the six species. A larger difference of 1.8 cells was found, however, between the two Daphnia catawba populations (0.1 for Prospect Lake vs. 1.9 for Wren Lake). Owing to the divergence in both the inductive ability and the number of cephalic polyploid cells for this species, both population means were included.
A test of association between the ability to produce neckteeth and the presence of polyploid cells between M, and M, for all members of the two subgenera revealed a strong relationship (Yates corrected x2 = 12.5, P < 0.001). Among the Hyalodaphnia, there was complete concordance between the number of nuclei and neckteeth production ( Table 2 ). The only two species surveyed that were able to produce neckteeth (dentifera and hyalina) were also the only species with at least one polyploid cell in the muscle attachment region (mean number/individual was 1.9 and 2.2, respectively). Within the Daphnia (Table 2) , the association was also significant (Yates corrected x2 = 5.6, P = 0.018). All six taxa able to produce this structure typically had more Table 3 . The distribution, by ploidy levels, of polyploid nuclei in head and thorxic epidermal regions of Daphnia. Species are grouped according to ability to produce helmets or crests. N is the average number of polyploid cells in the cephalic epidermis for the species. The letter following some species represents the first letter of the population used (see Table I 6 than one polyploid cell in the region of the muscle attachments (average number of cells/individuals for these six species ranged from 1.9 to 3.7). By contrast, only 3 of the 11 species unable to form neckteeth had polyploid cells between M, and M, (cell means of 1.7, 2.7, and 2.7 for neoobtusa, obtusa, and pileata, respectively).
Ploidy level shifts in the head region-The comparison of ploidy levels in the head and thoracic epidermis for both inducible and noninducible species established that the maximum level present in the cephalic region was never lower than that in the thoracic epidermis (Table 3 ). In two-thirds of the species for which these data were collected, the DNA content was higher in the cephalic than in the thoracic epidermis, with an average of two additional endomitotic cycles completed by cephalic cells. Additionally, maximum ploidy levels were higher in the head than in the thoracic epidermis Table 4 . Measurements and cell counts from the H. mendotue induction study. The values represent the mean(+SD). The probability that means for control animals do not differ from those for induced animals (based on t-tests) is also presented.
Parameter
Control Induced
Probability for all seven of the species forming helmets and crests, but in only three of the eight nonhelmeted species, and these three exceptions each involved single measurements. Variation in ploidy levels of cephalic polyploid cells were detected among the 20 species. For example, in Ctenodaphnia projecta, which produces a very large helmet, 128C was the level commonly reached compared with only 16C in the closely related species, Ctenodaphnia carinata, which does not produce a helmet. Similarly, a maximum ploidy level of 128C was reached in helmeted H. mendotae, but corresponding nuclei in the closely related but unhelmeted H. dentifera reached a maximum level of 64C.
Helmet jbrmation in H. mendotae-Under the experimental conditions, the relative change in helmet length : body length (HL : BL) ratios between control and induced animals showed good concordance with the results of an induction study by Dodson (1988) . The smaller HL : BL ratios for control females (0.19) found in our study compared to the helmet length: carapace length of 0.25 reported by Jacobs (1980) likely reflects differing landmarks for measurement, as both stu'dies showed good correspondence in average diploid cell counts (our study = 545, Jacobs' study = 596).
In our study, helmet sizes of females raised in the presence of Chaoborus increased by -18% compared to individuals grown in the absence of predators, and diploid cell numbers in the cephalic region of these animals were 20% greater than those in control animals (Table 4) . By contrast, the number of polyploid cells did not vary, with five or six cells present in all individuals. Moreover, these cells were invariably arranged in an inverted V pattern, the relative positions of which remained constant. Furthermore, at maturity, the ploidy level most commonly reached in the heads of control and induced animals was unchanged at 64C. On the basis of a two-way ANOVA, diploid cell densities did not differ in the cephalic epidermis between control and induced individuals (F = 0.01, P = 0.933), although their numbers were lower (mean densities of 22.3 vs. 27.6) in proximal vs. distal fields within a treatment (F = 12.72, P = 0.001). The inclusion of portions of a polyploid cell in the proximal fields is likely responsible for this small reduction. An examination of the distribution of mitotic activity, however, did show striking differences between distal and proximal fields. On average, there were six times more mitotic nuclei in quadrats adjacent to polyploid nuclei as in distal quadrats (Fig. 5a ). The frequency of mitotic events in proximal quadrats was correlated with those in distal quadrats for induced animals (product-moment correlation = 0.86), but not for controls (Fig. 5b) . The great range of head shapes produced by members of the genus Daphnia suggests the presence of a mechanism able to coordinate localized bursts of cell division. Control of the division of diploid epidermal cells could occur by means of extracellular signals either through chemical communication across cells within the tissue or by the transmission of a growth-stimulating chemical from a distant external source to the helmet via the hemolymph. Cell-to-cell communication routinely occurs over small distances and can involve the establishment of chemical gradients, such as morphogens, within a tissue. Many of these chemicals, released and diffused through extracellular spaces, are important in pattern formation during development and differentiation (Wolpert 1989) . For example, four morphogens identified in the cnidarian Hydra play pivotal roles in controlling head and foot development and regeneration (Schaller et al. 1989) . Likewise, the anterior body plan of early Drosophila embryos is controlled by a chemical gradient encoded by the bicoid gene (Driever and Ntisslein-Volhard 1988) . By contrast, the use of the circulatory system to transport chemicals and hormones to a target site (endocrine signaling) often involves relatively large distances. In crustaceans, several hormones have been identified as important in the control of molting, gonadal development, and secondary female characters, and these are carried from source to target site via the hemolymph (Kleinholz 1985) . The possibility that helmet growth is controlled through the transmission of chemicals or hormones by means of the endocrine system initially seems appealing, as the cephalic epidermal tissue is bathed in hemolymph (Brooks 1957a; Jacobs 1980) . Furthermore, Jacobs (1965 Jacobs ( , 1980 invoked hemolymph transport of hormones as the likely mechanism controlling helmet growth. The description of the helmet as a blade of tissue surrounding hemocoel, however, may be inaccurate. Despite the use of cuticular reticulations from only one side of each helmet by Jacobs (1980) vs. the in- elusion of all helmet cells in the present study, diploid cell counts were consistent. It seems likely, therefore, that the helmet consists of a single sheet of cells. Moreover, blood cells in the hemolymph of H. mendotae routinely circulate anteriorly from the heart to reach the distal edge of the muscle insertions and just posterior to the eye, rarely extending to the distant portions of the helmet (pers. obs.). If we as-sume that blood cell movement reflects hormonal transport, these compounds would require substantial diffusion to reach the marginal sections of the helmet following hemolymph transport to the boundary of the cephalic lamina in at least some taxa. If cell division rates are dependent on concentrations, increased mitotic rates would be expected at the base of the helmet, decreasing toward its outer margina pattern not observed in H. mendotae. Certainly hormonal transport cannot be ruled out, but the observation of elevated cell division rates immediately surrounding the polyploid cells agrees with the pattern expected from cell-to-cell communication within the helmet.
Evidence that one or a few cells may act as control centers regulating cell division rates in surrounding diploid cells has been established for the nematode Caenorhabditis elegans (Kimble and White 1981) . Examination of the proliferation of germline tissue in this species revealed that two cells located at the apex of the gonads retard the entry of neighboring germline nuclei into the meiotic cycle, and a chemical gradient model has been advanced to explain this pattern. Endopolyploid cells in the epidermal tissue of Daphnia may play a similar role in controlling mitotic rates.
The link between necktooth formation and the position of endopolyploid nuclei suggests that these cells may be important in cueing morphological change. Recent phylogenetic analyses Taylor et al. 1996) have shown that neckteeth have evolved independently in both the Daphnia and Hyalodaphnia, as ancestral species in both subgenera lack the ability to produce this character. Our study suggests that members of these subgenera employ a similar mechanism to coordinate the production of neckteeth. Complete correspondence was found between the presence of polyploid cells situated from the first to the fourth antenna1 muscle insertion points and the ability to produce neckteeth among species of Hyalodaphnia. Similarly, all members of the subgenus Daphnia capable of growing neckteeth possessed polyploid cells in this region. In Hyalodaphnia, neckteeth can be formed when just a single polyploid cell is present in the dorsal region, whereas several cells seem to be required in Daphnia, supporting the independent evolutionary origins of this trait in the two subgenera. Moreover, three species in the latter subgenus possessed several endopolyploid nuclei in the appropriate position but failed to produce neckteeth, suggesting that their presence is a necessary but insufficient condition to produce these defensive structures. Further examination of this relationship is clearly warranted.
Among the Ctenodaphnia, species producing large crests were likely to possess more polyploid cells in their heads compared to those with little or no cephalic expansions. This relationship was unique to this subgenus, although in H. mendotae helmet size and shape varied among populations; similarly, polyploid cells in the helmets showed a twofold range in numbers that was positively associated with helmet size. Geographical variation in the maximal helmet or crest development has been documented for other members, such as Daphnia retrocurva and Hyalodaphnia longiremis (Brooks 1957a) as well as regional phenotypic differences noted among populations of H. mendotue (Brooks 1957b) . A broad survey of predator numbers, maximal helmet sizes, and enclopolyploid cell numbers in these species in conjunction with laboratory studies to examine helmet differences under uniform conditions should establish the strength of the relationship between maximum helmet size and polyploid cell numbers.
The survey of ploidy levels provided some support for the role of polyploid cells in the divergence of head morphologies. Ploidy level patterns across species indicate that in species able to produce helmets, levels are higher in cephalic cells than in equivalent epidermal cells of the thoracic region. From the experiment that used an isofemale line of H. mendotae, both DNA contents and the number of polyploid cells remained constant regardless of helmet size. The stability of' cell numbers agrees with the observation that polyploid cell numbers in most tissues of D. pulex were fixed during early development and unaffected by environmental conditions, but that ploidy levels in some tissues can shift both with age and in response to altered food concentrations (Beaton and Hebert in prep.) . In the present study, however, the level of predation pressure did not result in ploidy level shifts.
Finally, significant increases in mitotic activity occurred in the immediate vicinity of the polyploid cells, with mitotic figures far less prevalent as the distance from these cells increased. In the thoracic epidermis of Daphnia, diploid cells remain in G, throughout the intermolt, with only a brief burst of mitotic activity during the first half of the instar (Beaton and Hebert 1994) . In our study, the frequency of mitotic events in distal fields of control animals ranged from 0 to 2.5 figures per field, paralleling the range found in the thoracic epidermis throughout the intermolt of C. magna (Beaton and Hebert 1994) . Regardless of the distal area activity in control animals, mitotic rates surrounding the polyploid cells routinely remained stable at a basal frequency of -3 figures per field. By contrast, in helmeted animals, elevated mitotic rates in regions proximal to polyploid cells were associated with distal region increases. These linked increases in both areas of the helmet likely correspond to the intense period of tissue growth observed in the thoracic epidermis during intermolts (Beaton and Hebert 1994 ). An examination of helmet tissue during critical molt cycle periods for the two treatments should verify this conclusion.
Morphological differences among species in the genus Daphnia indicate that helmet growth takes place in restricted regions of the head. These differences might be linked to the varia,ble positioning of polyploid nuclei across taxa. In a species such as H. mendotae, which produces a vertical helmet, the endopolyploid nuclei are arranged in an inverted V pattern. Furthermore, as the relative positions of the polyploid cells remain constant across animals with varying helmet size,s, growth in the tissue surrounding these cells are likely uniform. A model invoking epidermal polyploid cells as developmental control centers would explain this feature of helmet formation. Under this model, a mitogen released by the polyploid cells into the extracellular matrix would diffuse across small distances, establishing a concentration gradient. On the basis of the elevated mitotic activity surrounding these cells in both induced and control animals of H. mendotae, the mitogen is likely released regularly during the intermolt, with additional mitogen released during the normal period of intermolt cell division in induced individuals. As ploidy levels were invariant with increased helmet size, the mitogen may be paracrine in nature, having no effect on the polyploid cell producing it.
In addition to explaining the formation of helmets and crests, this model may account for the variation in helmet shapes observed in natural populations. Under a model of uniform growth, the concentration gradient established by the five endopolyploid cells positioned in an inverted V should result in a helmet similar to those observed in H. mendotae. The production of retrocurved and procurved helmets may be explained by shifts in the positioning of polyploid cells. Mathematical modeling may allow predictions of the shape of helmets based on the position of these nuclei and the validity of such predictions could be tested by in vivo ablation of selected polyploid nuclei and an examination of the resultant helmet growth. Shifts in helmet shape resulting from the loss of these nuclei would provide strong evidence of their influence on adjacent diploid mitotic rates.
It remains unclear whether endopolyploidy is the crucial trait allowing these cells to act as control centers through either increased gene dosage or cell size. Alternatively, there may be some other trait conferring a control function to these cells, with elevated ploidy levels serving as a coincidental marker. This debate can only be reconciled by a survey of the transcription rates of genes encoding the mitogen across cell types. The involvement of polyploid nuclei in helmet formation in Daphnia appears widespread, and it is worth ascertaining if these cells are involved in the production of morphological defenses in other taxa. By broadening the survey to include other cyclomorphic cladocerans, rotifers, bryozoans, and even algae, the importance of endopolyploidy as a general mechanism for the regulation of phenotypic diversity may be established.
